Introduction
The performance of organic solar cells has shown continuous increase in recent years, reaching power-conversion effi ciencies up to 10%. [ 1 , 2 ] However, further improvement is necessary to compete with inorganic technology, requiring a thorough fundamental understanding of the loss mechanisms taking place. One of the main limiting factors in the power-conversion process in organic photovoltaics is the recombination of photogenerated charges. Recombination in low-mobility materials is usually described by bimolecular recombination of the Langevin type, [3] [4] [5] determined by diffusion of free carriers towards each other in their mutual Coulomb fi eld. Recently, it has been demonstrated that trapped charges may also take part in the recombination process. [6] [7] [8] [9] [10] [11] In that case, a charge carrier is fi rst trapped on an isolated site within the energy band gap, followed by recombination with a mobile carrier of opposite sign, as implied by Shockley-Read-Hall (SRH) statistics. [ 12 , 13 ] The presence of SRH recombination has been identifi ed in all-polymer solar cells, [ 7 ] organic light-emitting diodes (OLEDs) [8] [9] [10] and polymer:fullerene solar cells with intentionally added impurities. [ 6 , 11 ] In addition to inducing a second recombination channel, the presence of traps also limits charge transport in organic semiconductors. It has been observed that electron transport in organic materials is frequently hindered by electron traps, while hole transport generally shows trap-free behavior. [ 14 , 15 ] As a result, SRH-type recombination via electron traps is naturally present in organic light-emitting diodes made from a single conjugated material. [ 8 ] In an organic solar cell, however, a donor material is used in combination with an acceptor material, so that charge recombination takes place at the donor-acceptor interface. A frequently used acceptor material is the fullerene derivative [6, 6] -phenyl-C 61 -butyric acid methyl ester (PCBM), which shows trap-free electron transport. [ 16 ] Consequently, since both hole (donor) and electron (acceptor) traps are absent in polymer:fullerene systems, electron-hole recombination between the donor and acceptor is expected to be bimolecular. However, recent studies reported on the observation of trap-assisted recombination in polymer:fullerene bulk heterojunction solar cells, [ 17 , 18 ] despite the virtually trap-free electron and hole transport.
To address this issue, we have studied electroluminescence (EL) from the charge-transfer state in polymer:fullerene solar cells. The charge-transfer state emission directly originates from electron-hole recombination at the donor-acceptor interface. [ 19 ] In this paper, we demonstrate that the nature of charge recombination in organic solar cells can be determined by carefully analyzing the bias-dependence of the electroluminescence and its quantum effi ciency.
Results and Discussion
In the present study, bulk heterojunction solar cells were fabricated based on a variety of donor polymers blended with a PCBM acceptor. Among the investigated polymers are poly(3-hexylthiophene) (P3HT) and poly[2-methoxy-5-(2 ′ -ethylhexyloxy)-p -phenylenevinylene] (MEH-PPV), which have served as workhorses in organic photovoltaic research. [ 20 , 21 ] The other two polymers used in this study are poly [9,9- 
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agreement with previous studies. [ 19 , 28 ] At the onset of electroluminescence, the emission shows an exponential dependence on voltage according to L ∝ exp ( qV / η kT ), similar to Equation 1 . For the P3HT:PCBM system, the electroluminescence is too weak to resolve the exponential part of the characteristics. At higher voltages, the emission bends off from the exponential, indicating that the injected current has reached the space-charge limit. The slope of the exponential is determined by the ideality factor, which can be directly obtained by numerical differentiation according to
This derivative is plotted as a function of voltage in Figure 2 , where the ideality factor can be obtained from the minimum respectively, capable of giving power-conversion effi ciencies between 4 and 6%. [ 22 , 23 ] Hence, homopolymers as well as copoly mers with distinct chemical and physical properties are used, to demonstrate the generality of our approach.
Ideality Factor of Charge-Transfer State Electroluminescence
We recently demonstrated for OLEDs that the recombination mechanism, either bimolecular or trap-assisted recombination, is directly refl ected in the ideality factor of the current and light output. [ 8 ] This ideality factor appears in the general Shockley diode equation, given by [ 24 ] 
where J is the current density, J s the (reverse bias) saturation current density, V the applied voltage, q the elementary charge, k Boltzmann's constant, T temperature, and η the ideality factor. The ideality factor equals unity in an ideal classical p-n junction diode with only direct recombination taking place. However, as shown in 1957 by a theoretical analysis of Sah, Noyce and Shockley, the presence of SRH recombination results in an enhancement of the ideality factor, reaching a value of 2 for dominant trap-assisted recombination. [ 25 ] The difference in ideality factor for bimolecular ( η = 1) and trap-assisted recombination ( η = 2) has recently been visualized in the different voltage dependence of the red and blue emission of white-emitting OLEDs, where both bimolecular (blue) and trap-assisted recombination (red) are emissive. [ 8 ] As a result, the ideality factor can be used as a fi ngerprint for the presence or absence of SRH recombination. Ideality factors larger than unity have also been found in the dark current of polymer:fullerene solar cells, which is frequently put forward as evidence for the presence of a dominant trap-assisted recombination process. [ 17 , 18 ] However, we recently demonstrated that in this case the greater-than-unity ideality factor is caused by enhanced diffusion due to violation of the classical Einstein relation. [ 26 ] As a result, an ideality factor above unity can be measured even when trap-assisted recombination is completely absent. [ 27 ] The dark-current ideality factor of a polymer:fullerene bulk heterojunction solar cell therefore cannot give conclusive information about the presence or absence of trap-assisted recombination.
As described in a recent study by Tvingstedt et al., [ 19 ] recombination at the polymer-fullerene interface is directly observable from the electroluminescence of the charge-transfer state. Charge-transfer state electroluminescence can be detected by applying a forward voltage across the solar cell and measuring the resulting emission with a silicon photodiode. Thus, the solar cell is simply operated as a light-emitting diode. As stated above, the different recombination mechanisms can directly be identifi ed by measuring the luminance ( L ) ideality factor, i.e. the ideality factor of the electroluminescence intensity vs voltage characteristics. For bimolecular recombination, a luminance ideality factor of unity is expected, whereas radiative trap-assisted recombination is characterized by a luminance ideality factor of 2.
In Figure 1 , the total electroluminescence of the investigated bulk heterojunction solar cells is plotted as a function of voltage. For all solar cells, weak luminescence could be detected, in 
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or plateau value of the characteristics. [ 8 ] Note that it is diffi cult to obtain a long plateau value due to weak electroluminescence and a limited sensitivity of the photodiode. It is clear from Figure 2 that the ideality factor approaches unity for the investigated solar cells. The ideality factor of 1 reveals that chargetransfer state emission originates from a free-carrier, bimolecular recombination process. From these measurements, we can thus exclude the presence of radiative trap-assisted recombination. This is in agreement with the measurements on very similar systems by Tvingstedt et al., [ 19 ] where no additional lowenergy feature could be observed from the CT-state electroluminescence spectra.
Charge-Transfer State Electroluminescence Effi ciency
Clearly, electroluminescence from the charge-transfer state can shed light on the radiative recombination routes. However, the nonradiative part of the recombination process cannot be identifi ed directly in this way. As recombination via trap states is usually nonradiative, [ 8 ] a defi nitive statement about its absence or presence cannot be made. In a recent study, [ 8 ] it has been shown that trap-assisted recombination has a weaker voltage dependence than bimolecular recombination, since the former has a linear charge-density dependence and the latter a quadratic density dependence. As a result, radiative bimolecular recombination becomes more important than the competing nonradiative trap-assisted recombination with increasing bias voltage. [8] [9] [10] The direct consequence is that the conversion effi ciency of electrical charge carriers into photons increases also with voltage, in the case that both mechanisms are present. [ 9 ] When only either of the two recombination channels is present, the quantum effi ciency of luminescence is expected to be voltage independent. The reason is that, although the recombination rate itself is density-and hence voltage-dependent, recombination is present in the luminescence as well as in the current. The EL effi ciency is the ratio between the luminescence and the current. If luminescence and current are governed by the same recombination mechanism, their voltage (density) dependence is cancelled when calculating the effi ciency, resulting in a voltage-independent EL effi ciency. However, when the radiative bimolecular recombination (second order) is accompanied by a nonradiative trapassisted recombination (fi rst order) process, the EL effi ciency will increase with voltage.
Therefore, we plotted the EL quantum effi ciency, calculated by dividing the photodiode signal by the injection current of the solar cell, as a function of voltage in Figure 3 . For solar cells made from PCPDTBT, MEH-PPV and PF10TBT, the luminous effi ciency is voltage independent. Since it has been verifi ed that the charge-transfer state emission originates from bimolecular free-carrier recombination, the voltage-independent effi ciency proves the absence of a competing nonradiative recombination process of trap-assisted nature. For the P3HT:PCBM system however, a clearly different trend is observed. The effi ciency increases with voltage, characteristic of the presence of a nonradiative trap-assisted recombination mechanism competing with radiative bimolecular recombination. [ 9 ] 
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The observation of dominant bimolecular recombination in PCPDTBT, MEH-PPV and PF10TBT solar cells is in agreement with our recent study where we measured the light-intensity ( I ) dependence of the open-circuit voltage ( V oc ) of these systems. [ 26 ] It is well established that SRH-type trap-assisted recombination causes an increased slope of V oc vs ln( I ), which has a value of kT/q when trap-assisted recombination is absent. [ 6 , 7 ] A slope of kT/q was measured for PCPDTBT, MEH-PPV and PF10TBT solar cells, arising from dominant bimolecular free-carrier recombination. This is confi rmed by our measurements of the charge-transfer state luminescence ( η = 1) and its voltageindependent effi ciency. Interestingly, P3HT:PCBM solar cells showed a voltage-dependent effi ciency of the luminescence of the charge-transfer state, indicative of an additional trapassisted recombination process being present. Consequently, these solar cells should also exhibit an enhanced light-intensity dependence of the open-circuit voltage. This is indeed what we observe in Figure 4 . In contrast to the other investigated systems, the P3HT-based solar cell shows a slope of V oc vs ln( I ) that is signifi cantly larger than kT/q , implying the presence of a lower-order recombination mechanism. The slope of 1.25 kT/q is in agreement with previously obtained values [ 29 ] and once more confi rms the interpretation of the voltage-dependent EL effi ciency. It should be noted that similar slopes were obtained using P3HT obtained from different sources (see Experimental Section) and processing the fi lms from different solvents.
The qualitative agreement of the EL ideality factor and efficiency measurements with the intensity dependence of V oc shows that our electroluminescence measurements are a relevant representation of recombination mechanisms in organic solar cells under operating conditions. Important in the comparison between recombination of photogenerated and voltagegenerated charges is the electric-fi eld and charge-density regime in which the measurements are performed. The ideality factor of the CT-state electroluminescence is obtained in the voltage regime just below the open-circuit voltage, which is actually close to the voltage of the maximum-power point. As the measurements are performed near fl at-band condictions and in dark, the charge density in the EL ideality factor experiment is lower than under illumination. Since trap-assisted recombination (if present) is more dominant at lower densities, [ 8 , 9 ] the amount of trap-assisted recombination is expected to be even lower under illumination.
The EL effi ciency measurements are performed in a regime where the effective applied electric fi eld is similar to the fi elds in solar cells under operating conditions (although in opposite direction). As charge density is increased with applied voltage, a crossover from trap-assisted (if present) to bimolecular recombination is expected to occur in a certain voltage range, which is observed only for P3HT.
Trap-Assisted Recombination in P3HT:PCBM
Although both independent EL and V oc measurements indicate a substantial infl uence of an SRH-type recombination channel in P3HT:PCBM, the occurrence of this mechanism is not straightforward. The appearance of trap-assisted recombination requires the presence of a density of trap states, which should give rise to the observation of trap-limited charge transport. However, the transport characteristics as measured in singlecarrier diodes of P3HT and PCBM show trap-free behavior, which contradicts the presence of a large trap density.
This apparent discrepancy can be resolved by considering the fact that recombination of free and trapped carriers are competing processes. As a consequence, the observation of an SRH mechanism can also be due to a reduced bimolecular recombination rate. Bimolecular recombination in organic semiconductors is usually of the Langevin type, for which the recombination coeffi cient is given by [ 3 ] 
with ε the dielectric constant and μ n and μ p the electron and hole mobility, respectively. For P3HT:PCBM solar cells however, reduced bimolecular recombination rates were measured. [30] [31] [32] The experimentally obtained value for the bimolecular recombination coeffi cient in those cells is approximately a factor 1000 lower than for conventional Langevin recombination.
Since the bimolecular Langevin recombination rate is greatly reduced in the P3HT:PCBM system, it is expected that SRH recombination can become apparent even when the trap density is small. To investigate at which trap density the transport is affected such that it can be observed experimentally, numerical drift-diffusion simulations [ 33 ] were carried out. Figure 5 shows simulations of the J-V characteristics of a P3HT hole-only diode for increasing hole-trap densities. It is clear that the effect of charge trapping on the hole current becomes negligible at trap densities below 2 × 10 21 m − 3 , and hence impossible to observe from experimental J-V characteristics.
The next step is to investigate whether such low trap densities are suffi cient to explain the light-intensity dependence of V oc when a reduced bimolecular recombination rate is taken 
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into account. Therefore, current-voltage characteristics of a P3HT:PCBM solar cell were simulated, where the competing recombination mechanisms were introduced in the simulations as described in reference [ 8 ] . A trap density of 2 × 10 21 m − 3 was already suffi cient to described the enhanced V oc vs light intensity dependence of P3HT:PCBM. ( Figure 6 ), assuming that the bimolecular recombination rate was reduced by a factor 1000 as compared to the Langevin formula, in turn increasing the relative SRH contribution. Similar low trap concentrations have been measured for P3HT in recent studies. [34] [35] [36] [37] [38] As is obvious from Figure 5 , such a low trap density cannot be observed experimentally from the current of a single-carrier diode, so that the charge transport appears to be trap free. It should be noted that a slope of kT/q was obtained for the V oc -ln( I ) data when bimolecular recombination would follow the conventional Langevin expression.
Conclusion
In conclusion, it was demonstrated that the nature of charge recombination in organic solar cells can be identifi ed from the charge-transfer state electroluminescence. By measuring the slope of the onset of electroluminescence as a function of voltage, it was demonstrated that radiative recombination at the donor-acceptor interface originates from a bimolecular process. Nonradiative recombination becomes apparent when measuring the effi ciency of the conversion of electrical charges into photons. The presence of nonradiative trap-assisted recombination gives rise to an increase in EL effi ciency as a function of bias. Such voltage-enhanced effi ciency was observed only for P3HT:PCBM, whereas the other investigated systems showed a voltage-independent EL effi ciency. Hence, P3HT:PCBM comprises an additional trap-assisted recombination channel, whereas bimolecular free-carrier recombination is dominant in the other solar cells. Ultimately, this was confi rmed by measurements on the light intensity-dependence of the open-circuit voltage. The manifestation of SRH-type trap-assisted recombination in P3HT:PCBM bulk heterojunction solar cells is attributed to a reduced competing bimolecular recombination rate.
In that case, a small number of trapping sites is suffi cient to cause an enhanced light-intensity dependence of V oc , while having only a minor effect on charge transport.
Experimental Section
Device Fabrication : For the fabrication of the polymer:fullerene solar cells, glass substrates, prepatterned with indium tin oxide, were thoroughly cleaned by washing with detergent solution and ultrasonication in acetone and isopropyl alcohol, followed by UV-ozone treatment. The cleaned substrates were coated in ambient air with a 60 nm thick fi lm of poly(3,4-ethylenedioxythiophene):poly(styrenesulfon ic acid) (VP AI4083, H.C. Starck). Subsequently, photoactive layers with a thickness of 80-100 nm of PCPDTBT:PCBM (1:2), MEH-PPV:PCBM (1:4), PF10TBT:PCBM (1:4) and P3HT:PCBM (1:1) were deposited by spin coating from chlorobenzene solution under N 2 atmosphere. The P3HT:PCBM layers were annealed in N 2 atmosphere for 10 min at 140 ° C, immediately after deposition. The devices were fi nished by thermal evaporation of a LiF(1 nm)/Al(100 nm) cathode at a base pressure of 1 × 10 − 6 mbar. Hole-only devices were fabricated similarly in a glass/ITO/PEDOT:PSS/P3HT/Au structure. P3HT was obtained from Rieke Metals, Inc. (4002-EE) and Plextronics, Inc. (Plexcore OS 2100).
Device Characterization : Electrical measurements were conducted under controlled N 2 atmosphere, using a computer-controlled Keithley 2400 source meter. Electroluminescence was recorded simultaneously using a Hamamatsu S1336 silicon photodiode. For the measurements under illumination, a Steuernagel SolarConstant 1200 metal halide lamp was used, which was set to 1 sun intensity using a silicon reference cell and correcting for spectral mismatch. Intensity-dependent A slope of kT/q was found when using the Langevin formula for bimolecular recombination, whereas an enhanced slope was found when a reduced bimolecular recombination rate was introduced, in agreement with the experimental data. 
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measurements were performed by using a set of neutral-density fi lters to decrease the illumination level.
